Swine are a key reservoir host for influenza A viruses (IAVs), with the potential to cause global pandemics in humans. Gaps in surveillance in many of the world's largest swine populations impede our understanding of how novel viruses emerge and expand their spatial range in pigs. Although US swine are intensively sampled, little is known about IAV diversity in Canada's population of~12 million pigs. By sequencing 168 viruses from multiple regions of Canada, our study reveals that IAV diversity has been underestimated in Canadian pigs for many years. Critically, a new H1 clade has emerged in Canada (H1a-3), with a two-amino acid deletion at H1 positions 146-147, that experienced rapid growth in Manitoba's swine herds during 2014-2015. H1a-3 viruses also exhibit a higher capacity to invade US swine herds, resulting in multiple recent introductions of the virus into the US Heartland following large-scale movements of pigs in this direction. From the Heartland, H1a-3 viruses have disseminated onward to both the east and west coasts of the United States, and may become established in Appalachia. These findings demonstrate how long-distance trading of live pigs facilitates the spread of IAVs, increasing viral genetic diversity and complicating pathogen control. The proliferation of novel H1a-3 viruses also highlights the need for expanded surveillance in a Canadian swine population that has long been overlooked, and may have implications for vaccine design.
INTRODUCTION
Influenza A viruses (IAV-S) have circulated in Canada's large swine population for many decades [1] , presenting a threat to human and animal health. Canada has over 12 million swine and is the world's fifth largest exporter of pork. Canada's swine production is concentrated in three provinces: Quebec (~4 million pigs), Ontario (~3 million) and Manitoba (~3 million) (Fig. S1 , available in the online Supplementary Material). On average,~7 million pigs are transported each year from Canada to the United States prior to end-stage production, particularly to the swine-dense 'corn belt' regions, including the Heartland and Midwest (Fig.  S1 ), resulting in regular viral traffic across the US-Canadian border [2] . North American IAV-S lineages, including classical H1 viruses (CswH1) and triple-reassortant H3N2 viruses (TRswH3), are present in Canadian pigs [3, 4] . Since 2000, several novel influenza viruses have been identified in Canadian pigs, including viruses of human and avian origin [5] [6] [7] [8] . Novel human-like H1 viruses were identified in Ontario pigs in [2003] [2004] , shortly before the emergence of similar human-like H1N2 viruses in US swine (H1dÀ1) [8] (described as the 1B.2.1 lineage in a recently developed nomenclature system [9] ). In 2009, a human-like H3N2 virus was detected in Saskatchewan (A/swine/Saskatchewan/02903/2009/H3N2), which is most closely related to the seasonal H3N2 viruses that circulated in humans during the early 2000s [10] . The first documented human-to-swine transmission ('reverse zoonosis') of the 2009 H1N1 pandemic virus (pdmH1N1, 1A.3.3.2) was identified in swine in Alberta in May 2009 [11] . Additional reverse zoonosis events of pdmH1N1 viruses have occurred in Canadian swine since 2009 [12] . However, the full diversity of IAV-S in Canada remains unknown, as Canada's swine herds are under-sampled compared to the intensive surveillance of IAV-S in US swine [13] [14] [15] [16] .
The evolution of IAV-S in North American swine is driven by multiple processes: (a) reverse zoonotic transmission from humans, (b) reassortment, (c) long-distance movement of animals ('swine flows') and (d) antigenic drift. Although the antigenic evolution of the haemagglutinin (HA) protein is not considered to be as rapid in swine as in human hosts [17] , multiple drift variants of the CswH1 lineage have been identified in US swine since the 1980s: H1a (1A.1), followed by H1b (1A.2), the currently dominant H1g viruses (1A.3.3.3) and the recently described H1g-2 viruses (1A.3.2) [18] . Traditionally, in North America the entire pig production cycle from breeding to market was managed in 'farrow-to-finish' operations. Today, major phases of production (farrow-towean, wean-to-feeder and feeder-to-market) are often split across different sites. This multisite production model requires the frequent transport of pigs, sometimes for hundreds or thousands of miles. For example, pigs raised in the Appalachia and Southeast regions of the US are often transported longdistance to the fertile agricultural regions located in the Heartland and Corn Belt regions, including Iowa and Indiana, for fattening prior to end-stage production. Although such strategies are beneficial to abattoirs and pork processing plants, and may reduce production costs, large-scale pig movements facilitate the long-distance spread of IAV-S between regions [19] .
To investigate the genetic diversity of IAV-S in Canada, and to further understand the ecology and evolution of IAV-S in North America, we sequenced the complete genomes of 168 viruses collected in Canadian swine during 2012-2015 (GenBank accession numbers ALZ42991-ALZ46694, listed in Table S1 ). We discovered that asymmetrical trade between Canada and the United States has produced important differences in the evolution of IAV-S in these countries, including the widespread circulation of highly divergent H1a viruses in Canadian swine, which have recently returned to the United States and have the potential to become established in US herds.
RESULTS
Genetic diversity of H1 viruses in the United States and Canada Differences were observed in the genetic diversity of H1 viruses in the United States and Canada. In Canada, H1a (1A.1) viruses were the most frequently identified H1 viruses. In Manitoba, where sampling was more intensive, more than three-quarters (62/81) of the H1 viruses identified were H1a (Fig. 1) . In contrast, H1a viruses died out long ago in US herds, and have only been identified sporadically following new viral introductions from Canada (see below). Notably, the two dominant H1 viruses in the United States, H1g (1A.3.3.3) and H1d-1 (1B.2.2), were not observed in any Canadian province during 2009-2016 ( Fig. 1) , even when all available H1 sequences were included in the phylogeny (Fig. S2) . H1b (1A.2) and H1d-2 (1B.2.1) were also not identified in any part of Canada, despite frequent detection of the latter in the Appalachia region ( Fig. 1) , where the virus is thought to have originated [19] .
In contrast to H1, H3 viruses are found in both the United States and Canada, with evidence of frequent cross-border transmission. Of the six H3 lineages (IV-A to IV-F) that have recently been described in US swine [16] , two were identified in Canada: H3-IV(B) and H3-IV(C). H3-IV(C) viruses were introduced from the Midwest into Ontario, and H3-IV(B) viruses were introduced into Manitoba on at least two occasions from the Heartland (Fig. S3) . Why H3 viruses do not exhibit the same strong spatial structuring as H1 viruses remains unclear, but may relate to lower competition experienced by a single H3-IV lineage that has been dominant for many years in North American swine. Recently, viruses with new human-origin H3 and N2 antigens have emerged in US swine, but have not yet reached Canada, and may alter H3 dynamics in North America in years to come [20] . The pdmH1N1 viruses (1A.3.3.2) were also observed in both the US and Canada, but primarily as a result of independent transmission events from humans to pigs in both countries, with only limited evidence of dissemination from Ontario to the Midwest (Fig. S3 ). Humanorigin pandemic H1 viruses comprised a high proportion of the H1 viruses identified in multiple Canadian provinces ( Fig. 1 ), but primarily from provinces where sampling is very low and sensitive to bias. Some clades of viruses with the non-reassorted pandemic genotype exhibited sustained transmission over multiple years and in multiple Canadian provinces (Fig. S3) , potentially in contrast to the United States, where the pandemic HA tends to be lost during reassortment events [21] .
A time-scaled maximum clade credibility (MCC) tree indicates that the H1a viruses identified in Canada are highly divergent from the H1g, H1g-2 and H1b viruses that presently circulate in US swine, with a common ancestor dating back to the 1980s (Figs 2 and S4 ). Although H1a viruses closely related to US viruses were isolated in Canada as early as 1981 [e.g. A/swine/Ontario/2/1981(H1N1)], the 1981 introduction did not transmit onward in Canada, and present-day H1a viruses evolved from subsequent introductions of H1a viruses into Canada (Fig. 2) . The population of Canadian H1a viruses comprises at least three distinct clades (H1a-1, H1a-2 and H1a-3, Table 1 ), which may represent three independent viral introductions from the United States to Canada during the 1990s (Fig. 2) . Resolving when and how many times H1a viruses entered Canada is complicated by the low availability of samples prior to 2000, when these introductions are estimated to have occurred. It is not possible to distinguish whether the isolate A/St Hyacinthe/106/1991(H1N1) from Quebec represents a progenitor of the H1a-1 population or a separate introduction that did not transmit. A single virus from Alberta [A/swine/Alberta/SD0042/2014(H1N2)] that is basal to the H1a-3 clade (Figs 2 and S4) could represent a fourth viral introduction into Canada, but again additional samples are needed.
The relatively low availability of sequence data available for Canada's H1a viruses, compared to US herds, gives the illusion that the three clades are closely related on the phylogeny. However, the H1a-1, H1a-2 and H1a-3 clades have actually diverged substantially from one another. The genetic similarity between H1a-1 and H1a-3 (86.8 %) is lower than the genetic similarity between the US H1g (1A.3.3.3) and H1b (1A.2) viruses (89.1 %), which are known to provide little antigenic cross-protection [22] . The genetic similarity between H1a-1 and H1a-2 viruses (86.5 %), and between H1a-1 and H1a-3 viruses (87.1 %), is comparable to the genetic similarity between H1a-1 and H1g viruses (86.6 %) ( Table 1) . Several amino acid changes differentiate the Canadian H1a lineages (Figs 2 and S5) . Notably, H1a-3 viruses are defined by a two-amino acid deletion in the HA (D146-147). US swine lineages H1d-1 and H1d-2 have a similar single-amino acid deletion in the HA (D147), which first emerged in human seasonal H1N1 viruses in 1995 (e.g., A/Beijing/262/1995/H1N1) (Fig. S6) . The D147 deletion also emerged independently in a small number of H1 viruses isolated from swine in Germany.
Genetic diversity of the NA segment Of the 200 viruses in Canada for which whole-genome sequence data were available, the vast majority (168/200, 84 %) had an NA segment from the N2-2002 lineage (Table S1 ). All Canadian H1a-1 viruses retained the classical N1, similar to US H1g and H1b viruses, as did the majority (75 %) of Canadian H1a-2 viruses. N1 viruses were identified in five different Canadian provinces during 2009-2014 (Alberta, Manitoba, Quebec and Saskatchewan). The Canadian N1 lineage has circulated in Canada since the early 2000s, and it is possible that N1 viruses are more prevalent in less intensively sampled regions of Canada. In contrast to the H1a-1 and H1a-2 lineages, almost all Canadian H1a-3 viruses in Manitoba had the N2-2002 segment, which was acquired via multiple reassortment events with H3N2 viruses co-circulating in Manitoba (Fig. S3 ) and has largely replaced the N1 in Manitoba. Out of 150 total viruses with whole-genome sequences from Manitoba, collected 2009-2016, only two (1.3 %) had the classical N1 segment (Table S1 ).
Genetic diversity of internal gene segments Triple-reassortant internal genes (TRIGs) were identified at high rates in Canada, similar to the dominance of this internal gene constellation in US swine. The most frequently identified genotype in Canada during 2009-2015 was the H3N2 subtype with TRIGs (n=59 viruses, genotype H3-T, Fig. 3a and Table S1 ). However, the repeated introduction of human pandemic H1N1 viruses since 2009 has increased the diversity of IAV-S internal genes in Canadian swine, similar to US swine. The internal genes of pandemic H1N1 viruses introduced from humans since 2009 have reassorted extensively with H3 and H1a viruses in Canada, generating a multitude of new reassortant genotypes (Fig. 3a) . Many of the genotypes differed by only one, or sometimes two segments, and this network of relationships is visualized in Fig. S7 . The two reassortant genotypes that were detected the most frequently were H3N2 viruses with pandemic PA and MP segments (n=37 viruses, genotype H3-O), and H1N2 viruses (H1a) with pandemic PA and MP segments (n=50 viruses, genotype H1c-N) (Fig. 3a) . In Manitoba, the proportion of viruses with the reassortant H3-O and H1c-N genotypes increased rapidly during 2012-2015, coinciding with a decline in the proportion of viruses with non-reassorted H3-T genomes (Fig. 3b) . The proliferation of pandemic PA and MP segments in Manitoba swine is similar to the rise of the pandemic MP in US herds (and to a lesser extent, the pandemic PA segment) (Fig. 3c) . However, the precise arrangement of segments differs in pigs in the US and Canada, and H1c-N and H3-O genotypes are not identified frequently in US swine herds (Fig.  S8 ), where genotypes with different combinations of pandemic PA, NP and MP segments have been identified [16, 23] . Viruses with a single pandemic MP segment were the most frequently identified H3N2 genotype in US herds during 2009-2016 [23] , and were associated with H3N2v infections of humans in the United States, but were not detected in swine in Canada. Manitoba viruses with the H1c-N and H3-O genotypes are closely related and interspersed on trees inferred for segments other than HA (Fig. S3 ), indicating that most of the genome has been conserved during transmission, while the H1a and H3 antigens have been repeatedly exchanged via reassortment.
Introductions of Canadian H1a-3 viruses into the United States
Of the three H1a lineages in Canada, H1a-1 viruses have circulated the longest and have been identified in the largest number of Canadian provinces (Table 1) . However, relatively few introductions of H1a-1 viruses from Canada into the United States were evident on the phylogeny Table 2 ) into the US Heartland and Appalachia regions. A similar tree with tip labels is provided in Fig. S4 .
isolate A/swine/Minnesota/A01394082/2013(H1N2) (introduction #1, Table 2 ). Subsequently, four introductions of H1a-3 viruses into the US were estimated to have occurred in 2014, another four in 2015, and then a tenth introduction in 2016. A reconstruction of the demographic history of H1a-3 viruses using a Bayesian Skygrid plot indicates that the eight viral introductions that occurred during 2014-2015 coincide with a period of rapid growth of the H1a-3 virus population (Fig. 4a ).
To date, H1a-3 viruses have been identified in eight US states (California, Illinois, Indiana, Iowa, Kansas, Minnesota, Nebraska and North Carolina) encompassing four US regions (Appalachia, Heartland, Midwest and Pacific) ( Table 2 ). All introductions of H1a-3 viruses into the US were first identified in the Heartland region, following the large-scale movements of pigs from Manitoba into states such as Minnesota and Iowa. The vast majority (8/10) of H1a-3 virus introductions from Manitoba were confined to the Heartland region, with no evidence of spread to other regions. However, for two viral introductions (#3 and #4, Table 2 In fact, H1a-3 viruses transmitted sufficiently in Appalachia to transmit back to the Heartland, following large-scale movements of pigs in a direction that has been described previously [19] .
Sources of viral diversity in the US Heartland and Midwest
To further understand the spatial evolution of IAV-S diversity in North America, we quantified gene flow from multiple regions into two major destinations of North American swine flows: the Heartland and Midwest regions. The Bayesian phylogeographic approach summarized patterns across trees inferred separately for each segment and lineage (Fig. S11) . We found that Manitoba is a major source of IAV-S in the US Heartland (Fig. 5a ), but not in the Midwest, which imports IAV-S predominantly from Appalachia, the Southeast and Ontario (Fig. 5b) . These patterns of viral gene flow align with geography, and also correspond with the direction of pig movements, as Manitoba exports swine primarily to the Heartland. Manitoba exported almost three million live pigs to the Heartland states of Iowa and Minnesota in 2015, and these two states account for~87 % of Manitoba's total US live swine exports (Fig. 5c) . The finding that Ontario is an important source of IAV-S in the Midwest is consistent with Ontario's highest density of swine farms in the southeast near Toronto and Detroit ( 
DISCUSSION
By sequencing the complete genomes of IAV-S collected from multiple provinces in Canada, this study addresses long-standing gaps in our knowledge of IAV-S diversity and evolution in Canada, one of the world's largest swine producers. Although the United States and Canada share one of the most heavily trafficked border crossings for live swine, differences in their IAV-S populations have been sustained for many years, particularly for the H1 subtype. The identification of at least three genetically distinct H1a clades (H1a-1, H1a-2 and H1a-3) in Canada highlights the extent of under-studied H1 diversity that has circulated in Canada. Although all of Canada's H1a viruses were categorized as 1A.1.1 in a recently developed global nomenclature system [9] , this was based on very limited data from Canada, and our study demonstrates that at least one of the three clades identified in this study (H1a-3) meets the criteria for new classification as a lineage, including evidence of recent circulation and at least 10 viruses. Canadian swine herds still remain highly undersampled, and it is possible that H1a-1 and H1a-2 viruses circulate at high enough levels to merit their own classification, but further surveillance in Canada is 
RNA extraction and M-RTPCR
Extraction of viral RNA was performed using 140 µl of viral allantoic fluid in Qiagen AVL buffer using a QiaAmp Viral RNA Mini kit (Qiagen, Hilden, Germany)/ZR96 Viral RNA kit (Zymo, Irvine, CA, USA) hybrid protocol. In brief, specimen lysis was performed in Qiagen buffer AVL in a 96 deep-well plate. Lysate was transferred to a ZR-96 spin plate (Zymo), and samples were processed according to the manufacturer's protocol. The influenza A genomic eight RNA segments were simultaneously amplified from 3 uls of purified RNA using a multisegment RT-PCR strategy [34] .
IAV-S full-genome sequencing assembly and annotation Illumina libraries were prepared using the Nextera DNA sample preparation kit (Illumina, Inc., San Diego, CA, USA) with half-reaction volumes as described previously [35] . For samples requiring extra coverage, Ion Torrent PGM (Thermo Fisher Scientific) was used, where 100 ng of pooled DNA amplicons were sheared for 7 min and Ion Torrentcompatible barcoded adapters were ligated to the sheared DNA using the Ion Xpress Plus fragment library kit (Thermo Fisher Scientific) to create 400 bp libraries. Sequence reads were sorted by barcode, trimmed and de novo assembled using CLC Bio's clc_novo_assemble program. Curated assemblies were validated and annotated with the viral annotation software -Viral Genome ORF Reader, VIGOR 3.0 [36] -before submission to GenBank. All sequences generated as part of this study were submitted to GenBank as part of the Bioproject IDs and assigned accession numbers (Bioproject IDs PRJNA263044 and PRJNA183620; GenBank accessions available in Table S1 ).
Spatial distribution of H1 swine lineages in the United States and Canada
The proportion of H1 viruses from each lineage was estimated for 13 Viruses that are known to have been collected intensively as part of ongoing studies of IAV-S diversity at agricultural fairs were not included (n=270) [37] , as these are not likely to be representative of commercial swine herds. Due to frequent reassortment, the number of sequences per lineage varied: PB2-TRIG (n=701 sequences), PB1-TRIG (n=726 sequences), PA-TRIG (n=500 sequences), NP-TRIG (n=543), MP-TRIG (n=234), NS-TRIG (n=686), PB2-pdm (n=531 sequences), PB1-pdm (n=529 sequences), PA-pdm (n=730 sequences), NP-pdm (n=622), MP-pdm (n=809), NS-pdm (n=460), H1-classical (n=182 sequences), H3 (n=356 sequences), H1-pdm (n=490), N1-classical (n=132 sequences), N1-pdm (n=462) and N2 (n=507 sequences). While the main analysis focused on viruses for which whole-genome sequences were available, additional phylogenies were inferred for the larger amount of sequence data available for the H1 (n=1651 classical H1 sequences; n=1611 delta H1 +human H1 sequences) inferred using the maximum likelihood (ML) method available in the program RAxML v 7.2.6, [41] incorporating a general time-reversible (GTR) model of nucleotide substitution with a gamma-distributed (G) rate variation among sites. To assess the robustness of each node, a bootstrap resampling process was performed (500 replicates), again using the ML method available in RAxML v 7.2.6.
Phylogenetic analysis
Phylogenetic relationships were inferred for each of the data sets separately using the time-scaled Bayesian approach with MCMC available via the BEAST v 1.8.4 package [42] and the computational resources of the NIH HPC Biowulf cluster (http://hpc.nih.gov). A strict molecular clock was used, with a constant population size, and a general-time reversible (GTR) model of nucleotide substitution with gammadistributed rate variation among sites. We also repeated the analysis using a relaxed (UCLN) molecular clock, which produced similar tree topologies and tMRCAs for nodes of interest (Fig. S13) . For viruses for which only the year of viral collection was available, the lack of tip date precision was accommodated by sampling uniformly across a 1-year window from 1 January to 31 December. The MCMC chain was run separately at least 3 times for each of the data sets and for at least 100 million iterations with sub-sampling every 10 000 iterations, using the BEAGLE library to improve computational performance [43] . All parameters reached convergence, as assessed visually using Tracer v 1.6, with statistical uncertainty reflected in values of the 95 % highest posterior density (HPD). At least 10 % of the chain was removed as burn-in, and runs for the same lineage and segment were combined using LogCombiner v 1.8.0 and downsampled to generate a final posterior distribution of 1000 trees that was used in the subsequent spatial analysis. For a more detailed tree of the evolution of classical H1 viruses, we also inferred a MCC tree for a data set including all available H1a sequences from Canada and closely related US viruses, and representative background sequences from older US classical H1a sequences from the 1970s, 1980s and 1990s, and more recent H1b, H1g and H1gÀ2 viruses (n=185). For visualization purposes, we also inferred an MCC tree for viruses solely from the H1a-3 lineage (n=109). The dispersal of H1a-3 viruses from Manitoba into the United States is visualized using SpreaD3 [44] at four time points. We applied a Skyride coalescent model to infer and visualize the effective population size (Ne) dynamics of this lineage.
Spatial analysis of IAV-S in Canada
The phylogeographical analysis considered the same 13 locations as the analysis of proportions of H1 lineages described above. Although a larger number of viruses were available from the Heartland and Midwest regions, these regions also have the largest swine population sizes. The location state was specified for each viral sequence, allowing the expected number of location state transitions in the ancestral history conditional on the data observed at the tree tips to be estimated using 'Markov jump' counts [45] , which provided a quantitative measure of asymmetry in gene flow between regions. For computational efficiency the phylogeographic analysis was run using an empirical distribution of 1000 trees [46] [49] . Additionally, we noted lineage-specific mutations occurring in other sites of the H1 protein [50, 51] . Illustrations were generated using the Hemagglutinin Structure Prediction (HASP) server [52] . To determine the role of positive selection in the evolution of the H1 protein, we estimated site-specific ratios of non-synonymous/synonymous substitution rates (dN/dS), using the Renaissance counting (RC) methodology, implemented in BEAST, which combines estimates of the number of synonymous and non-synonymous substitutions at each site with an empirical Bayes procedure to produce a posterior distribution of d N /d S ratios for all sites in the alignment [53] . 
